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ABSTRACT
We present spatially resolved X-ray spectroscopy of PSR B1951+32 and its pulsar wind nebula (PWN)
in supernova remnant (SNR) CTB 80 using a Chandra observation. The Chandra X-ray map reveals
clearly various components of a ram-pressure confined PWN embedded in the SNR ejecta: a point source
representing the pulsar, X-ray emission from the bow shock, a luminous X-ray tail, a 30′′ diameter
plateau whose northwestern part is absent, and the outside more diffuse X-ray emission. The plateau is
just surrounded by the radio, [O III], [S II], and [N II] shells, and the outside diffuse emission is mostly
within the Hα shells. While the spectra of all the features are well fitted with power law models, a power
law plus blackbody model can fit the spectrum of the pulsar significantly better than using a power law
model alone. Generally the spectra of these components obey the trend of steepening from the inside to
the outside. However, the edge of the plateau probably has a harder spectrum than that of the central
region of the plateau. The cause of the apparent hard spectrum of the plateau edge is unclear, and we
speculate that it might be due to a shock between the PWN and the SNR ejecta. The possible blackbody
radiation component from the pulsar has a temperature of 0.13±0.02 keV and an equivalent emitting
radius of 2.2+1.4
−0.8 (d/2 kpc) km, and is thus probably from the hot spots on the pulsar. We also show in
this paper that the blackbody temperature of the entire surface of PSR B1951+32 is much lower than
those predicted by the standard neutron star cooling models.
Subject headings: individual (CTB 80) - pulsars: general - stars: neutron - supernova remnant
1. introduction
It is generally accepted that only a small fraction (≤
10%) of the spin-down energy of a young pulsar is con-
verted into observable pulsed emission, and most of the
energy leaves the pulsar in the form of a highly relativis-
tic electron/positron wind. This relativistic wind even-
tually interacts (through a termination shock) with the
external medium, emits synchrotron radiation, and pro-
duces a pulsar wind nebula (PWN) (e.g., Rees & Gunn
1974; Kennel & Coroniti 1984). The pulsar wind parti-
cles are usually confined by the supernova ejecta or inter-
stellar medium (ISM) (e.g., Reynolds & Chevalier 1984),
and the morphology of the PWN relies strongly on how
the wind particles are confined. Some PWNe (e.g., IC
433, W44, N157B, B1957+20, B1757-24, Duck nebula,
Mouse, Geminga) have cometary morphologies, which are
suggested to be due to the supersonic motion of their re-
spective pulsars in the ISM or supernova remnants (SNRs)
(Wang et al. 1993; Olbert et al. 2001; Wang et al. 2001;
Kaspi et al. 2001; Chatterjee & Cordes 2002; Petre et al.
2002; Caraveo et al. 2003; Lu et al. 2003; Stappers et al.
2003; Gaensler et al. 2004; Gvaramadze 2004). In such a
system, there is a bow shock running ahead of the pul-
sar, most of the wind particles are confined to the direc-
tion opposite to the pulsar proper motion, and the pul-
sar is well offset from the center or even at the apex of
the PWN (Wang et al. 1993; Wilkin 1996; Wang & Got-
thelf 1998; Bucciantini 2002; Caraveo et al. 2003; van der
Swaluw et al. 2003; Gaensler et al. 2004; Gvaramadze 2004;
van der Swaluw 2004). Detailed spatially resolved X-ray
spectroscopy of a PWN should be important for examin-
ing and refining those models, because the X-ray emitting
particles are young and have a short lifetime, and thus the
spatial variations of the X-ray spectra reflect very well the
particle track and energy evolution in the PWN.
Radio and optical observations suggest that the PWN
energized by PSR B1951+32 in SNR CTB 80 (G69.0+2.7)
is an ideal laboratory to study the interaction between an
SNR and the embedded PWN. CTB 80 has a peculiar ra-
dio morphology composed of three ridges and a ∼ 30′′ core
in the southern central portion of the extended component
(e.g., Koo et al. 1993; Mavromatakis et al. 2001; Castel-
letti et al. 2003). The 39.5 ms pulsar PSR B1951+32,
located at the south-western edge of the core, moves to-
wards the south-west (∼ 252◦, north through east) with a
transverse velocity of 240±40 km s−1 for a distance of 2
kpc (Migliazzo et al. 2002). Radio observation revealed a
“U” like loop and a bright bow shock feature at the south-
west of the loop, indicating strong interaction of the wind
of the fast moving pulsar with the environment (Strom
1987; Migliazzo et al. 2002). The optical structure of the
PWN of PSR B1951+32 was delineated by forbidden-line
([O III], [S II], and [N II]) emission as shell-like (Hester
& Kulkarni 1988, 1989). These optical features suggest
that they arise behind shocks which are being driven into
a magnetized thermal plasma by the confined relativistic
wind from PSR B1951+32 (Hester & Kulkarni 1989).
The optical and radio properties make the PWN of PSR
B1951+32 also a hot target for various X-ray telescopes.
The EINSTEIN observations show a central filled X-ray
source with nonthermal X-ray spectrum (photon index
α=3.8+0.2
−0.3), and the morphology of the source was sug-
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2gested as a result of the relativistic jets energized by the
central pulsar (Becker et al. 1982; Wang & Seward 1984).
The EXOSAT observation confirmed the nonthermal na-
ture of the X-ray spectrum but inferred a smaller photon
index of 1.9±0.5 (Angelini et al. 1988). Safi-Harb et al.
(1995) studied CTB 80 and PSR B1951+32 with the Posi-
tion Sensitive Proportional Counter (PSPC) and the High
Resolution Imager (HRI) onboard ROSAT. They found a
bright compact core of ∼ 1′ radius surrounding the pulsar
and a diffuse nebula extending ∼ 5′ eastward of the pulsar,
and the spectra of these two features are both nonther-
mal. These observational properties are well consistent
with those of a PWN. However, due to the limited spatial
and spectral resolution of the previous X-ray telescopes,
the detailed morphological and spectral structures of the
X-ray emission remains not well resolved.
The superb spatial resolution and moderate spectral
resolution of the Chandra X-ray Observatory (hereafter
Chandra) permit a detailed morphological study and spa-
tially resolved X-ray spectroscopy of PSR B1951+32 and
its PWN. Chandra can isolate the pulsar from the sur-
rounding nebula and we can then study the spectrum of
the pulsar proper, which has not been done so far yet.
The lifetime of the synchrotron X-ray emitting particles is
short, and therefore the spectral variation across the neb-
ula presents important clues to the particle acceleration
and the energy losing processes. Recently, Moon et al.
(2004) studied the high resolution X-ray (with Chandra),
Hα (with Hubble), and IR (with 5-m Palomar Hale tele-
scope) structures of the region around PSR B1951+32 and
revealed a cometary PWN which appears to be confined
by a bow shock produced by the high-velocity motion of
the pulsar. In this paper, we give more detailed analyses of
the Chandra data. We first introduce the data reduction
in § 2, then present our analyses and results in § 3, dis-
cuss the structure of PWN in § 4, and conclude our work
in § 5. All through the paper, the errors are at the 90%
significance level.
2. observation and data reduction
Chandra observed the PWN of PSR B1951+32 by the
Advanced CCD Imaging Spectrometer (ACIS) on July
19th, 2001 with an exposure time of 74 ks. The target
was positioned at the aim-point on the back illuminated
ACIS-S3 in the “VFAINT” mode and at a working tem-
perature of −120◦C. ACIS is sensitive to X-rays in 0.2-10
keV with an energy resolution of ∆E/E ∼ 0.1 at 1 keV,
and the full width at half maximum (FWHM) of the point
spread function (PSF) is 0.′′5. The frame read out time for
this observation is 0.74 s, since only a small portion of the
CCD chip was illuminated.
We calibrated the data using CIAO (version 3.1) and its
CALDB (version 2.27). We reprocessed the Level 1 data
for correction of the charge transfer inefficiency (CTI) ef-
fects, cleaned the background, and removed the afterglow.
Time intervals with anomalous background rates associ-
ated with particle flare events were further rejected for
the Level 2 data, and the final net exposure time is 71 ks.
The spectra were fitted with XSPEC.
3. analysis and results
3.1. Spatial structure
Figure 1 shows an ACIS image of the PWN of PSR
B1951+32. This image reveals several major components
of the PWN: a point source at RA (J2000) = 19h52m58.s20,
DEC (J2000) = 32◦52′40′′.7, a bright elongation lies in the
northeast of the point source, a 30′′ diameter plateau with
absence in its northwest, and more diffuse emission in be-
tween and beyond these features. The position of the point
source was obtained by the celldetect tool in CIAO and
has an uncertainty ∼0.′′2, which is well consistent with the
radio position of PSR B1951+32 (Migliazzo et al. 2002).
The X-ray point source thus represents the X-ray emis-
sion from this pulsar. The X-ray plateau is just within
the radio and optical shells (Hester & Kulkarni 1989), and
therefore corresponds to the main body of the PWN. The
overall structure of the X-ray nebula is similar to the ra-
dio structure, as shown in figure 2, except that the radio
nebula is limb-brightened and that the bright X-ray elon-
gation in the northeast is absent in the radio map (Strom
1987; Migliazzo et al. 2002).
In order to show the diffuse X-ray emission near the
pulsar more clearly, we plot in Figure 3 the X-ray counts
(per 0.′′492× 0.′′492 pixel) profile (solid line) along the pul-
sar proper motion. In this profile the contribution from
the pulsar has been removed by subtracting the convolu-
tion of a delta function with the telescope PSF. The PSF
is energy-weighted and was simulated with ChaRT4. The
dashed line in Figure 3 represents the 1.5 GHz radio pro-
file from Migliazzo et al. (2002). It is clear that there is
high brightness diffuse emission within ∼2′′ radius from
the pulsar. There is also significant X-ray emission in the
radio bow shock region, although the overall trend of the
diffuse emission is declining.
3.2. Spectra
According to our analyses of the morphology of the neb-
ula, we divided it into a few regions (see Figure 4), from
which we extracted the spectra of various components.
The background used in the spectral analysis of the diffuse
features was extracted from two boxes where there are no
prominent emission, while the background of the pulsar
spectrum was extracted from an annulus centered on the
pulsar, with inner and outer radii of 1.′′5 and 3′′ respec-
tively. We fitted the spectra of the diffuse features jointly
with a power law (PL) model by forcing all the spectra to
share the same absorbing column density (NH). As shown
in Figure 5, such a model fits the spectra very well. The
resulted NH is 3.0±0.1 × 1021 cm−2, and the other pa-
rameters are listed in Table 1. As seen in other PWNe,
these spectra have a trend of softening with distance from
the pulsar due to the fast energy-losing of the high energy
electrons (e.g., Slane et al. 2002; Lu et al. 2002; Kaspi et
al. 2003).
The pile up fraction of the pulsar emission was estimated
as 6% by using sherpa, and thus the pile up effect was ne-
glected in our analysis of the pulsar spectrum. We first
fitted the pulsar spectrum with a PL model by fixing the
column density to 3.0×1021 cm−2 as derived above. This
gives a photon index of 1.74±0.03 and χ2 of 223 with 208
degrees of freedom (dof). We then fitted the spectrum with
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3a power law + blackbody (PL+BB) model, and this yields
a photon index of 1.63+0.03
−0.05, BB temperature of 0.13±0.02
keV, and a χ2 of 190 with 206 dof. If we only check the
data in 0.5-1.5 keV (to which energy region the BB com-
ponent contributes), the χ2 and dof of the spectral fitting
with and without the BB component are 61, 60 and 84,
62, respectively. ftest shows that the substitution of the
PL model by the PL+BB model is necessary at a signifi-
cance level of > 99.99%. In comparison, Figure 6 gives the
0.5-1.5 keV spectrum of the pulsar fitted with a PL model
and a PL+BB model. The fitted BB flux corresponds to
an equivalent emitting radius of 2.2+1.4
−0.8 km assuming a
distance of 2.0 kpc to the pulsar.
In order to see whether there is any spectral variation in
the plateau and in the very outside region surrounding the
plateau, we extracted spectra from the 5 quasi-annulus re-
gions defined in Figure 7 and fitted them with a PL model
using the background identical to that used above. Ta-
ble 2 lists the spectral fitting results, which show that the
edge of the plateau (rings 1, 2, and 3 in Table 2, and so
the radio shell region) has apparently a harder spectrum
than the neighboring inner (the center region) and outer
regions (the ring 4).
A monte-carlo simulation has been used to estimate how
significant the spectrum of the plateau edge is flatter than
that of the center region. We generated 100,000 pairs of
random numbers. In each pair, the first is a random num-
ber from a gaussian distribution with mean and standard
deviation of 1.76 and 0.04, while the second number is from
a gaussian distribution with mean and standard deviation
of 1.64 and 0.015. The standard deviations are smaller
than the errors listed in Table 2 since those in Table 2
are at 90% significance level. We found that only 235 out
of the 100,000 pairs have their first numbers smaller than
the corresponding second numbers. Therefore, the overall
spectrum of rings 1 to 3 is flatter than the spectrum of the
center region at a significance of 99.7%.
We have also fitted the spectrum of the entire nebula
(excluding the pulsar) with a power law model. This
gives an NH of 3.0±0.1 × 1021 cm−2, a photon index
of 1.73±0.03, an unabsorbed 0.2-10 keV energy flux of
9.6×10−12 ergs cm−2 s−1, and χ2 of 296 for 312 dof.
4. discussion
4.1. The magnetic field strength in the nebula
The radio and X-ray spectra of the PWN can be used
to estimate the magnetic field strength in the nebula. The
radio emission of this PWN has a flat spectrum of α = 0
(Fν ∼ ν−α) and flux of ∼500 mJy (Angerhofer et al. 1981).
From § 3.2 we inferred these two values for the X-ray emis-
sion as 0.73 and 1 µJy, respectively. Therefore the spectral
break frequency νbr between the radio and X-ray band is
around 1010 Hz. Assuming that this spectral break arises
from synchrotron losses, the magnetic field in the nebula
is then determined by the age of this nebula. The proper
motion of the pulsar indicates that the pulsar can cross the
X-ray plateau in about 1200 yr. Nonetheless, this seems
unlikely the age of the PWN of PSR B1951+32. Most
of the electrons injected by the pulsar in the history are
probably still confined in the bubble by the highly ordered
magnetic field (Hester & Kulkarni 1988), as indicated by
the much higher radio brightness of this region (than the
neighboring regions) and the nice radio shells (Migliazzo
et al. 2002). Therefore, we use the pulsar dynamic age
(64 kyr, Migliazzo et al. 2002) to represent the age of the
PWN. Using the formula reproduced by Frail et al. (1996)
from Pacholczyk (1970), we derived that the magnetic field
strength in the nebula is ∼ 300µG. This estimated mag-
netic field strength is comparable with the values given by
Angerhofer et al. (1981), Hester & Kulkarni (1989), and
Moon et al. (2004), but much higher than those by Safi-
Harb et al. (1995) and Castelletti et al. (2003).
The discrepancy between our result and that (5.2 µ G)
of Castelletti et al. (2003) is due to that they used a much
higher νbr of 2.4×1016 Hz and a much lower PWN age of
18,200 yr. We found that both the high νbr and the low
PWN age are problematic. Their reason of choosing νbr
= 2.4×1016 Hz is that νbr is not much lower than the X-
ray energies given the similar X-ray and radio sizes of the
PWN. However, as we discussed above, the PWN has the
similar X-ray and radio sizes most probably because the
pulsar wind particles are well confined rather than diffuse
freely. 18,200 yr is the time for the pulsar to move across
the ∼10′ radio nebula. But, again, since most of the wind
particles ejected by the pulsar in the history are likely still
in the bubble. To use the pulsar dynamic age as the PWN
age is more reasonale.
We now discuss whether the spectral break between the
radio and X-ray bands is mainly due to synchrotron cool-
ing. Kaspi et al. (2001) suggested that more than one elec-
tron populations are being injected into the PWN of PSR
B1757-24. The injected wind particles of PSR B1951+32
may have similar energy spectrum. However, synchrotron
cooling does play an important role in the X-ray to radio
spectrum in the PWN of PSR B1951+32. The particle en-
ergy spectrum of the bright X-ray tail (see Figures 1 and 3)
may represent the injected particle energy spectrum well,
because these particles are young. The non-detection of ra-
dio emission in this region suggests that the current over-
all particle energy spectrum in the PWN is significantly
steeper than the injected one, due to synchrotron cooling.
Therefore, although not very certain, the magnetic field
strength we obtained is reasonable.
4.2. The PWN geometry
The PWN of PSR B1951+32 represents the pulsar wind
material confined by the ram pressure of the ambient
medium, a typical example of the model suggested by
many authors (e.g., Wilkin 1996; Wang & Gotthelf 1998;
Bucciantini 2002; van der Swaluw et al. 2003; Gaensler
et al. 2004; van der Swaluw 2004). It has the following
regions:
• The pulsar wind cavity and termination
shock: In the immediate region surrounding the
pulsar the relativistic wind flows freely outwards
with very little emission, and this region is shown
as a cavity. The size of the cavity is determined
by the radius of the termination shock over where
the pulsar wind ram pressure ( E˙4pir2c ) balances the
ram pressure of the ISM due to the motion of the
pulsar (ρav
2
psr), where ρa is the ambient medium
density, vpsr and E˙ the velocity and spin-down en-
ergy of the pulsar, r the radius of the termination
4shock, and c the speed of light. For PSR B1951+32,
ρa ∼ 50 × 1.67 × 10−24 g cm−3 = 8.4 × 10−24 g
cm−3(Hester & Kulkarni 1989), vpsr ∼ 240 km s−1,
E˙ = 3.7× 1036 erg s−1, and thus r ∼ 1.4× 1016 cm,
corresponding to 0.5′′ at the distance (2.0 kpc) to
the pulsar. Because PSR B1951+32 moves super-
sonically in the SNR, as the simulation shows (e.g.,
Gaensler et al. 2004), this region is more likely elon-
gated opposite to the pulsar proper motion rather
than spheric.
In the X-ray counts profile of the nebula along the
pulsar proper motion (Figure 3) we see strong dif-
fuse emission in the nearby region of the pulsar.
The FWHM of this emission is about 3′′, and the
emission following the pulsar extends a little fur-
ther out (∼ 3′′ compared to ∼ 2′′) than that ahead
of the pulsar. We propose that this high bright-
ness region represents most probably the emission
from the termination shock, giving their roughly
similar angular sizes. The bigger extension oppo-
site to the pulsar proper motion is consistent with
the distorted termination shock geometry because
of the supersonic motion of the pulsar (Gaensler et
al. 2004). The pulsar wind cavity in this nebula is
unresolved, giving the contamination from the high
brightness emission from the pulsar and the termi-
nation shock.
• The particle tunnel: The X-ray elongation (tail)
about 4′′ to 10′′ northeastern from the pulsar rep-
resents most probably the particle tunnel suggested
by Wang & Gotthelf (1998) and Gaensler et al.
(2004) (Region B2 in Figure 9 of Gaensler et al’s
paper). Reasons to identify this emission as from
the particle tunnel rather than from the termina-
tion shock are the tail like morphology and its much
lower brightness than that of the region neighbor-
ing the pulsar. The bright radio and X-ray fea-
tures at RA (J2000) = 19h52m59.s6, DEC (J2000)
= 32◦52′44′′ (Figure2; Strom 1987; Migliazzo et al.
2002) may represent the termination site of the par-
ticle tunnel (Wang & Gotthelf 1998). Since this
bright radio feature does not align with the pulsar’s
motion, it is possible that the particle tunnel has
been bent due to interaction with a gradient in the
ambient density and/or magnetic field, as also seen
in the Crab nebula and the PWN of PSR B1509-58
(Weisskopf et al. 2000; Gaensler et al. 2002).
• The interface between the PWN and SNR: In
§ 3.1 we have mentioned that bright X-ray plateau
are well surrounded by the radio and [O III], [S II]
and [N II] shells. This implies that the main body
of the PWN is well confined by the SNR ejecta. The
radio map is much more shell-like than the X-ray
map, suggesting that the old wind particles have ac-
cumulated at the interface between the PWN and
SNR, since the radio emitting particles have a much
longer lifetime than the X-ray emitting particles.
As suggested by Hester & Kulkarni (1988), there
may exist highly ordered magnetic field in the shell,
which might prevent the old particles from diffusing
out.
The low surface brightness X-ray diffuse emissions
in front of the bow shock and outside of the eastern
edge of the PWN are positionally consistent with
the bipolar Hα structure (Figure 2 of Moon et al.
2004). We propose that this is the consequence of
the non-uniform distribution of the SNR ejecta. In
the directions of the two low surface brightness X-
ray protrusions, the ejecta are of so low density that
they can not effectively confine the wind particles
and so the wind particles extend further out. Fi-
nally the wind particles are stopped by the ISM
that has low metallicity, and the interaction be-
tween them ionizes the hydrogen in the ISM to be
Hα emitting.
4.3. The origin of the apparent hard edge of the X-ray
plateau
Now we discuss the origin of the possible spectral hard-
ening at the plateau edge. Although, generally, the appar-
ent harder spectrum can be the result of either a higher
NH or an intrinsic hardening of the emitting spectrum, the
first possibility can be ruled out for the hard edge of the
X-ray plateau in this PWN. As shown in Table 2, with the
photon index (Γ) fixed, NH to the plateau edge needs to
be 4 ± 3 × 1020 cm−2 higher than those to the neighbor-
ing regions. From the radio and optical observations we
know that the shell has a width of ∼0.03 pc and an inner
radius of about 0.1 pc. If the higher NH to the plateau
edge (and so the radio shell) is due to the additional ab-
sorbing material in the shell, the required number density
of the shell will be ∼ (1600± 1200)cm−3, about 20 times
higher than 50-100 cm−3, the value measured in optical
observations (Hester & Kulkarni 1989). This implies that
the apparent X-ray spectrum hardening of the edge of the
plateau is not a consequence of the higher absorption but
an intrinsic harder emitting spectrum.
In turn, the intrinsic harder emitting spectrum may be
due to either the re-acceleration of the pulsar wind parti-
cles at the edge or the contribution from a second emis-
sion component over there. For both cases, a shock wave
is needed, and a shock wave at the interface between the
PWN and SNR ejecta does have already been proposed by
Hester & Kulkarni (1989) to explain the filamentary opti-
cal emission from the core of CTB 80. This shock is in the
SNR ejecta rather than in the PWN because of the high
sound velocity (c/
√
3) in the PWN, and thus the shock
can not re-accelerate the pulsar wind particles. However,
it is not unlikely that this shock accelerates new relativis-
tic particles and these particles radiate synchrotron X-ray
emission at the shock front, like those observed from sev-
eral SNRs (e.g., Koyama et al. 1995). This shock gener-
alized X-ray emission might have a flat spectrum, which
makes the overall spectrum of the X-ray emission from this
region harder than those from neighboring regions.
4.4. Constraints on the NS cooling models
The cooling of NS (age < 105 yr) is realized mainly by
neutrino emission from the entire stellar body. The stan-
dard cooling model only includes neutrino emission via the
modified URCA process and the nonstandard models in-
volves pion (kaon) condensates, strong magnetic field, or
5neutron superfluidity (e.g., Page 1998; Slane et al. 2002;
Yakovlev et al. 2002; Yakovlev & Pethick 2004).
With the Chandra observation we estimated the effec-
tive blackbody temperature of the entire surface of PSR
B1951+32 and compared it with the cooling models. The
majority of equations of state yield an effective NS radius
larger than 12 km for any range of masses (Haensel 2001).
In order to estimate the blackbody temperature of PSR
B1951+32, we fitted its X-ray spectrum with a PL+BB
model by fixing the emitting radius as 12 km, and obtained
a blackbody temperature of 7.4×105 Kwith 3σ upper limit
of 7.8×105 K. We plot in Figures 8 and 9 this temperature
upper limit and the various theoretical NS surface cooling
curves. In the figures the pulsar’s dynamic age (64±18
kyr) has been used, but the characteristic age of 107 kyr
is not much larger than the dynamic age (Migliazzo et al.
2002; Fruchter et al. 1988) and will not change the results
much. Similar to Slane et al. (2002) and Halpern et al.
(2004), the effective blackbody temperature falls consider-
ably below the predictions of the standard cooling models,
suggesting the presence of some exotic cooling contribution
(such as pion, kaon condensates or strong magnetic field
effects) in the interior (Slane et al. 2002; Yakovlev et al.
2002). The influence of the mass to the cooling of the NS
has been discussed by Yakovlev et al. (2002). The larger
mass NS tends to cool faster because the modified or di-
rect URCA process are less suppressed by strongly proton
superfluidity. As seen from Figure 9, our result may also
indicate that the mass of PSR B1951+32 is higher than
1.42M⊙.
In § 3.2 we pointed out that there is a 0.13 keV black-
body component in the X-ray spectrum of PSR B1951+32.
However, this component is not from the entire NS sur-
face giving the small equivalent emitting radius. In the
above paragraph, this component had not been excluded
in deriving the temperature of the entire surface of PSR
B1951+32, and thus this surface temperature upper limit
is modest. If the emission from the surface of a NS is
not a blackbody, then the modification by the presence of
a whatever atmosphere component other than H will not
make the temperature of the NS surface higher than the
estimated effective temperature upper limit (Slane et al.
2002). In short, the above upper limit of the surface tem-
perature of PSR B1951+32 and its constraints on the NS
cooling models are safe.
5. conclusions
We studied the morphology and spectra of PSR
B1951+32 and its PWN. The overall morphology of the
PWN is consistent very well with that of a ram pressure
confined PWN. The X-ray map shows a bright plateau
which is within the radio and optical shells positionally,
and thus represents the main body of a PWN confined in
the SNR. We found that the spectrum of the edge of the
X-ray plateau is probably harder than those of the neigh-
boring regions, which are possibly due to the shock be-
tween the PWN and the SN ejecta. We detected thermal
X-ray emission from hot spots on the NS, and the tem-
perature of the entire surface of PSR B1951+32 is shown
to be much lower than that predicted by the standard NS
cooling model.
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Table 1
The spectral fitting parameters of PSR B1951+32 and its PWN
Region Γ/T(keV) Flux
Point Source
Powerlaw+blackbody
powerlaw 1.63± 0.05 35±3
blackbody 0.13± 0.02 3+14
−3
Powerlaw 1.74± 0.03 35±2
Bow shock 1.6+0.1
−0.2 2.1
+0.9
−0.4
Tail Emission 1.6± 0.1 3.6±0.7
Plateau 1.69± 0.04 61±4
Southwestern Diffuse Emission 1.77+0.09
−0.07 8.0±0.9
Eastern Diffuse Emission 1.8± 0.1 5.4±0.7
Outer Diffuse Emission 1.88+0.08
−0.07 13±1
Entire nebula 1.73±0.03 96±5
Note. — The X-ray absorbing column density NH is obtained by jointly fitting the spectra of various diffuse components as (3.0 ±
0.1)×1021cm−2. We rebinned the spectra before fitting so that data in each rebinned channel have signal to noise ratio ≥ 6. The over-
all χ2 is 401 for 544 dof for the diffuse components. The unabsorbed flux density (10−13ergs cm−2 s−1) in 0.2-10 keV is listed in the 3rd
column.
Table 2
The spectral fitting results of the 5 quasi-annulus regions
NH = 3.0× 1021cm−2 Γ = 1.70± 0.05
Regions Γ Flux NH(10
21 cm−2)
Center 1.76± 0.06 10±1 2.8± 0.2
Ring 1 1.66± 0.04 20±1 3.2± 0.2
Ring 2 1.65± 0.05 14±1 3.2± 0.2
Ring 3 1.66± 0.10 10±1 3.1± 0.2
Ring 4 1.81± 0.08 8±1 2.6± 0.3
Ring 123 1.64± 0.02 42±2 3.3± 0.2
Note. — Columns 2 and 3 are fitted photon indices (Γ) and unabsorbed fluxes (10−13ergs cm−2 s−1) in 0.2-10 keV, when NH is fixed as
3.0 × 1021cm−2, the χ2 is 350 for 530 dof. Columns 4 are fitted NH (10
21cm−2) and unabsorbed fluxes (10−13ergs cm−2 s−1) by forcing all
spectra (except Ring 123) to share the same Γ (which is derived as 1.70±0.05), and the corresponding χ2 is 348 for 529 dof. The spectrum
index of Ring 123 is obtained with NH = 3.0 × 10
21cm−2, the χ2 is 204 for 241 dof. The NH of Ring 123 is obtained with Γ = 1.70, and the
χ2 is 196 for 241 dof.
7Fig. 1.— The Chandra ACIS image of the PWN of PSR B1951+32, adaptively smoothed with a Gaussian filter to achieve a signal to noise
ratio ≥ 12. The cross indicates the position of PSR B1951+32 and the arrow indicates the direction of the pulsar proper motion. The grey
scale increase logarithmically from 3.3 to 124 counts per square arcsecond after smoothing.
Fig. 2.— The 0.3-8.0 keV X-ray contours (levels: 12, 29, 41, 62, 83, 124, 206, 413, 826, 1652, 3304 counts per square arc second after
smoothing) of the PWN of PSR B1951+32 superposed upon the 20 cm radio image from Migliazzo et al. (2002). The arrow indicates the
direction of pulsar proper motion.
8Fig. 3.— The 0.3-8.0 keV X-ray intensity profile (solid line, with the pulsar contribution subtracted, pixel size is 0.′′492 × 0.′′492) and the
radio profile (dashed line) along the proper motion direction of PSR B1951+32. The radio data are taken from Figure 2 of Migliazzo et al.
(2002) and plotted on an arbitrary linear scale. The x-axis represents the offset from the pulsar.
Fig. 4.— The Chandra ACIS image of the PWN of PSR B1951+32. The regions show where the spectra are extracted and the fitted
parameters are listed in Table 1
9Fig. 5.— Power law model fits to the spectra of different regions defined in Figure 4. From the top to the bottom, the spectra are of the
plateau, outer diffuse emission, southwestern diffuse emission, eastern diffuse emission, tail emission, and bow shock regions.
10
Fig. 6.— The spectral fitting to PSR B1951+32. The figures show only data in 0.5-1.5 keV. The upper panel shows the fit with a PL model
and the lower panel with a PL + BB model.
11
Fig. 7.— The Chandra ACIS image of the PWN of PSR B1951+32. The quasi-annuli in this figure define regions from which the spectra
listed in Table 2 are extracted.
Fig. 8.— The cooling models of a 1.4 M⊙ neutron star (Page 1998). PSR B1951+32 is plotted with the filled dark arrow. This figure is
reproduced from Slane et al. (2002) and Halpern et al. (2004) with their permission.
12
Fig. 9.— The cooling models calculated assuming strong proton superfluidity and weak neutron superfluidity (Yakovlev et al. 2002). PSR
B1951+32 is plotted with the filled dark arrow. This figure is reproduced from Yakovlev et al. (2002) and Halpern et al. (2004) with their
permission.
